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Aerobraking was selected for the Mars Global Surveyor mission as a primary and enabling operation. The
application of accelerometer data for determining atmospheric density during operations for the � rst phase of
aerobraking is reported. Acceleration was measured alongthe body z axis, which is the axis nominally into the � ow.
For a 1-s count time, the data have a resolution of 0.332 mm/s, permitting the recovery of density to 3% at nominal
aerobraking altitudes near 115 km and on many orbits, permitting the recovery of density to altitudes as high as
180 km. Accelerometer data were analyzed in near real time to provide estimates of density at periapsis, maximum
density, density scale height, latitudinal gradient information, and longitudinal wave variations. Summaries are
given of the aerobrakingphaseof the mission, the accelerometer data analysismethodsand operationalprocedures,
some applications to determining thermospheric properties, and some remaining issues on interpretation of the
data. Pre� ight estimates of 70% 2¾ natural variability are shown to be realistic, and predictions that dust storms
could produce rapid and large increases in thermospheric density have been veri� ed.

Nomenclature
A = reference area for aerodynamics
a = acceleration
Cz = aerodynamic force coef� cient along body z axis
hs = density scale height
m = Mars Global Surveyor (MGS) mass
q = dynamic pressure
r = position of accelerometer in body system
Nu = relative wind unit vector
V = MGS speed relative to atmosphere
± = SAM de� ection
½ = density
! = body angular rate

Introduction

A EROBRAKING is the utilizationof atmosphericdrag for ben-
e� cial orbit changes. The � rst application of aerobraking in a

planetary mission was during the Magellan mission at Venus.1 The
primary Magellan mission took three Venus days in an orbit with an
eccentricity of 0.39, inclination of 85 deg and periapsis at 280-km
altitude and 10± N latitude.Gravity � eld and radar image resolution
in the polar regionswas reduceddue to the high eccentricityand the
lack of apsidalprecession.To increasepolar resolution,aerobraking
was performed in 1993 over about 750 orbital passes to reduce the
eccentricity to 0.03 in about 70 days. The primary drag surfaces
were the solar arrays, and the limiting criterion for the pace of aero-
braking was solar array heating.Nearly real-time adjustments were
made to the Venus atmosphericmodel, which were developedbased
on mass spectrometerdata and over 500 orbits of Pioneer Venus Or-
biter drag data.2 The success of this operation demonstrated the
signi� cant bene� ts of aerobraking over propulsive maneuvers.1

Aerobrakingwas anenablingtechnologyfor theMars GlobalSur-
veyor (MGS) mission. Prelaunch plans called for chemical propul-
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sion to establish an initial orbit with a period of 45 h (Ref. 3). After
initial system checkout during the � rst few orbits, a walkin phase
was planned. During this phase the periapsis altitude would be de-
creasedby apoapsispropulsivemaneuversto dropdeeperanddeeper
into the Mars thermosphereuntil the target dynamic pressureof 0.6
N/m2 was reached. Aerobraking would then take place from about
Sept. 12, 1997, through Jan. 15, 1998. This planned orbital period
decay is shown by the dashed line in Fig. 1.

Unlike Venus, the only relevant data on the Mars thermosphere
were a few measurements from the two Viking entries in 1976 and
the Path� nder entry in 1997. All three entries occurred at differ-
ent latitudes, local solar times (LST), phases of the solar cycle,
and/or seasons from those during the MGS mission. Because of this
dearth of data, the project allocated 70% 2¾ for orbit-to-orbit natu-
ral variabilityof atmospheric density.Further, data from the inertial
measurement unit (IMU) axial accelerometer were to be used to
complement radio tracking data by determining local atmospheric
density scale height, to provide latitudinal look-ahead capability,
and to infer atmospheric density, temperature and pressure in near
real time for planning subsequent passes.

MGS Aerobraking Mission History
An overview of the mission is given elsewhere4 and only a sum-

mary is givenhere for continuity.The prelaunchaerobrakingcon� g-
uration consisted of both solar arrays swept 30 deg to assure longi-
tudinal aerodynamic stability. The photovoltaic cells were oriented
away from the � ow to minimize cell heating. During postlaunch
deployment, damage to one of the solar arrays prevented the array
from locking into the fully deployed position by about 20 deg. As a
result, the con� gurationutilizedduring the initial aerobrakingorbits
had an offset between the yoke and inner panel, as seen in Fig. 2.
The broken or minus y solar array (SAM) had to be deployedso that
the solar cells faced into the � ow to limit de� ection of the array un-
der aerodynamic loads. Because the panel was not latched in place,
it was expected to de� ect and vibrate about the yoke–panel hinge
line during aerobraking. The project developed a nonlinear spring
model during interplanetarycruise to predictpanelde� ectionduring
aerobraking. A de� ection of 10 deg was expected during nominal
aerobrakingand could be veri� ed by analyzingspacecraft (S/C) ori-
entation about the x axis because a 10-deg de� ection would result
in about a 5-deg change in heading.5

The walkin phase began with orbit 4 with a barely measurable
atmosphericeffectat 149-kmaltitude.Orbit 5 was the � rst aerobrak-
ing pass with a periapsisaltitudeof 128 km and a maximum density
of about 5 kg/km3 . On orbit 11 at a dynamic pressure of 0.49 N/m2,
the SAM took a permanent set of 4 deg toward the latched position.
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Fig. 1 Planned and actual orbital period during aerobraking, 1997
and 1998.

Fig. 2 MGS S/C in aerobraking con� guration.

The next orbit at q D 0:53 resulted in another 15-deg shift, so that
the panel should have been near the latch position.On orbit 15 at an
altitudeof 110 km, the dynamic pressureunexpectedlyincreasedby
50% to 0.93 N/m2. At maximum q , the panel de� ected more than
16 deg beyond the latched position and was left with a permanent
set of about 3 deg. This was the � rst of many large orbit-to-orbit
variations in density. The anomalistic SAM behavior resulted in an
immediate raising of the periapsis altitude and the performance of
various experiments on orbits 16–18. Results of these tests, numer-
ous laboratory tests, and extensive analyses were performed during
orbits 19–36 and resulted in a re-evaluationof the original solar ar-
ray problem and a replanning of the entire aerobraking sequence.4

The new sequence was planned with two aerobraking phases. The
� rst would end in March/April of 1998 with an orbital period of
11.6 h. This phase would be followed by six months of science
experiments in a high-altitude phasing orbit. The second phase of
aerobrakingwould begin in September 1998and end in March 1999
with periapsis near the south pole and the 2 a.m./p.m. orbit plane
that is optimal for science observations. The replanned orbital pe-
riod decay for phase 1 is shown by the solid line in Fig. 1, and the
actual decay through the end of phase 1 is shown by the rightmost
dots in Fig. 1. Except for a dust storm near the end of 1997, the
actual followed the plan rather closely.

Aerobraking Environment
Originally, the limiting factor for aerobraking was the heating of

the solar arrays. Drag � aps, shown in Fig. 2, were added to the solar
array assembly to increase the ratio of drag to heating to ameliorate
the effects of the assumed 70% atmospheric density variability.For
the replanned aerobraking operations, dynamic pressure or SAM
de� ection is the limiting factor.

Extensive analyses were performed during the design phase6

and pre-Mars orbit insertion5 (pre-MOI) phase to characterize the
aerothermodynamic environment. The original MGS aerobraking
was to take place at a dynamic pressure of about 0.6 N/m2, which
corresponded to an atmospheric density of about 60 kg/km3 and
a Knudsen number of about 0.2, which is well into the transition
region. Aerodynamic properties were calculated with direct simu-
lation Monte Carlo (DSMC) and free-molecular � ow codes. The

Fig. 3 Axial force coef� cient over a range of atmospheric density and
SAM de� ection.

Fig. 4 Axial force coef� cient vs relative wind direction, ½ = 12 kg/km3

and ± = 0.

DSMC method was required to accurately quantify aerothermody-
namics in the regions of highest dynamic pressure. Extensive de-
scription of these and other MGS aerothermodynamic simulation
are described elsewhere.7

The utilization of the z-axis accelerometer to infer atmospheric
density is based on

az D ½V 2Cz A

2m
(1)

Thus, it was requiredto developan aerodynamicdata base ofCz over
a range of S/C orientations to the relative wind, ± from 0 to 20 deg,
and ½ up to twice the target density or 120 kg/km3 . Figure 3 shows
the axial force coef� cient over the range of expected densities for
� ow along the z axis and with ± D 0 and 10 deg. DSMC calculations
were performed at 0.1, 12, 72, and 120 kg/km3. Below densities of
0.1 kg/km3 the free-molecular � ow values are utilized. All calcula-
tions are based on assumedmomentum accommodationcoef� cients
of unity.7 On orbit 15, the inferreddensity reached the peak mission
valueof 81 kg/km3 and the calculatedSAM de� ectionwas 15.7 deg.
From orbits 38–201, the end of phase 1, inferred densities ranged
from about 4 to 41 kg/km3 . Pre� ight attitude control simulations in-
dicated that the relative wind could deviate as much as 15 deg from
the z axis. DSMC and free-molecular simulations7 were performed
at the four densities and three panel de� ections mentioned earlier
and over headingangles of §15 deg. Contours of a typical Cz varia-
tion are shown in Fig. 4. The variablesu x and u y are the components
of the relative wind unit vector in the S/C body coordinates shown
in Fig. 2. The maximum Cz occurs at (u x , u y ) D (0.04, 0) because
the high-gain antenna introduces an asymmetry in pitch or rotation
about the y axis. To determineSAM de� ection, aerodynamicforces
on the SAM were also calculated over the same range of variables.
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In recovering density from accelerometer data, the aerodynamic
database is used in an iterative manner. For each accelerometer
measurement, the relative wind vector, including rigid rotation of
the atmosphere with the planet, is determined from the attitude
quaternions and the orbital ephemeris. Interpolation into the free-
molecular versions of Fig. 4 with no SAM de� ection is used to
estimate Cz and, thence, density. This density is used to calculate
dynamic pressure and the resulting torque on the SAM. SAM de-
� ection is determined from a slightly nonlinearspring model with a
spring constant of about 2.6 N-m/deg. Linear interpolation in both
log density (Fig. 3) and SAM de� ection continue until the density
converges to within 1%.

Accelerometer and Other Data Types
Four accelerometers (x , y, z, and skew) along with four gyros

are contained in the IMU located on the nadir deck, as shown in
Fig. 2. The principal accelerometer used in the aerobraking anal-
ysis is the z-axis accelerometer. This accelerometer is located at
Nr D .¡0:44; ¡0:38; 0:72/ m relative to the center of mass. The ac-
celerometersareSundstrandQA1200-AA08model Q-Flex andcon-
tinuously integrate acceleration to obtain velocity data. The instru-
ment is sampled 10 times per second. The data are recorded in
instrument counts or quantized velocity increments equivalent to
0.332 mm/s per count, providing38 times more sensitivity than the
Viking entry probes.8 The accelerometer bias has a speci� ed tem-
perature sensitivityof 10 mg/K or approximately0.3 counts/K. The
IMU temperature is actively controlled. IMU telemetered tempera-
tures are quantized at 0.12 K, and typical changes during an entire
aerobraking pass are between two quantized values.

The z-accelerometersampling rate during the aerobraking phase
was originally set at 10 contiguous 0.1-s measurements every 8 s.
This sample rate was based on simulations that indicated density
could be recovered with at least 3% accuracy below altitudes of
140 km, assuming no aerodynamic coef� cient errors.9 After orbit
40, the data rate was increased to transmit every 0.1-s sample to
improve atmospheric recovery and also to monitor the dynamics of
the SAM. The primary accelerometer data used in operations are
1-s counts of change in velocity. These data are interpreted as an
accelerationand time tagged at the center of the count interval. The
measured acceleration is composed of a number of terms given by

ameas D abias C aaero C agrav C aACS C ! £ .! £ r/

C P! £ r C aSAM (2)

where the terms are acceleration due to the instrument bias, aero-
dynamic forces, gravity gradient, attitude control system (ACS)
thruster activity,angularmotion of the accelerometerabout the cen-
ter of mass (two terms), and relative translationalmotionof the SAM
with respect to the rest of the S/C.

The bias was measured during periods of S/C inactivity. During
the cruise to Mars, the bias was monitored before and after two of
the midcourse maneuvers and the main engine � ring for MOI. The
results from these maneuvers showed a variation of less than 0.05
counts/s. As part of the operational procedure, the bias is checked
every orbit pass. Data before and after entry into the atmosphereare
used to estimate the bias. No statistically signi� cant difference has
been detectedbetween the inbound and outbound legs or from orbit
to orbit.

Angular motion contributions to the acceleration were generally
removed using the � ltered rate gyro data, which are received at 1
sample per second. In some of the early orbits, the angular rate
exceeded the telemetry cutoff, and quaternions were differentiated
to determine rates. In either case, the angular acceleration required
in Eq. (2) are determined by � tting a polynomial to the rates and
then differentiatingthe polynomial to determine the acceleration at
the central point. Digitization is not an issue in these calculations.
For typical aerobraking passes, the contribution due to these terms
is less than 0.6 mm/s2. Some extreme orbits have reached as high
as 2 mm/s2.

Acceleration caused by thruster � ring is the most dif� cult to re-
move. The factors that determine thruster effectiveness include spe-
ci� c impulse,propellantblowdown, temperatureof the catalystbed,
and interferencewith the � ow.5 Past experiencehas shown that cal-

ibration within §50% is dif� cult for the short thrusting times and
variable duty cycle associated with attitude control.10 For opera-
tions, the accelerometer data during a thruster � ring that produced
torque about either MGS x or y were simply removed from the data
set. Times during which roll (about z) thrusters � red were not re-
moved because they produce no accelerationat the z accelerometer.
The sections of data to be removed were determined by monitoring
the accumulatedthruster � ring times. The cumulative thruster dura-
tion is updated every computer cycle and transmitted to the ground
every 8 s for all 12 attitude control jets (see Fig. 2). Deleting the
described data has essentially no effect on operational predictions
because most x – y thruster � rings occur only on the outbound leg
and at least 150 s after periapsis. Methods for re� ning � ring times
and estimating impulse have been developedand will be utilized for
data archiving.

The last term in Eq. (2) is due to the vibration of the SAM. The
SAM structural failure is believed to have been a compressive fail-
ure in the composite facesheet of the yoke. This type of failure is
expected to producea ragged interfacebetween the two edges of the
facesheet. It is thought that as dynamic pressure increases various
sections of the interface build up compressive loads and then slip
relative to each other. Similar, but perhaps smaller effects, would be
expected as dynamic pressure decreases and the interface locks up.
This slipping or locking excites a vibration of the SAM outboardof
the fracture. This oscillationof the SAM induces oscillations in the
bus and consequentlyin the z-accelerometer.The resulting acceler-
ation at the IMU is due to 1) direct translational accelerationof the
bus center of mass as the SAM center of mass vibrates and 2) addi-
tional induced rotationalcontributionsin Eq. (2). The period of this
oscillation is about 6.5 s but depends on both the dynamic pressure
and the amplitude of the vibration.Modal analyses of the vibration
were performed during numerous orbits using the x rate gyro data
and during30-s time spansthat appearedto be free response.Natural
frequencies varied from 0.13 to 0.19 Hz, and damping varied from
5 to 20%. These variations are thought to be related to the extent
to which the interface is locked up because higher frequencies, i.e.,
higher stiffness, are generally associated with lower dynamic pres-
sures. The mean value of these oscillations is nearly zero because
the bus and the SAM return to the preaerobraking relative orienta-
tions after aerobraking. Prior to aerobraking, the large amplitudes
of oscillationwere not anticipated,and the operationalapproachhas
been to simply remove the effect by averaging 6 s of data.

Eight solar cell temperaturesare also received from the S/C every
4 s. During the early high-dynamic-pressureorbits, the increases in
temperature on the solar array were correlated with the dynamic
pressures inferred from the atmospheric densities. After orbit 15,
the temperature of the solar arrays was not an issue.

Operational Procedures
The operational use of accelerometer data involved an iteration

between the navigation (NAV) and the accelerometer (ACCEL)
teams. The NAV model for drag utilized a constant drag coef� cient
and an exponential density variation with altitude. Both density at
periapsis, ½p , and scale height hs can be formally estimated from
the tracking data. However, radio tracking is not possible while the
S/C is in the aerobraking attitude. Utilizing radio tracking data be-
fore and after aerobrakingessentiallyprovidesa single atmospheric
observable equivalent to the total change in orbital period over the
drag pass. For high-eccentricityorbits, the change in orbital period
is proportional to ½p

p
hs (Ref. 11). Knowledge of the scale height

is, therefore, essential for accurate measurement and prediction of
periapsis density from radio tracking data that excludes direct mea-
surements at periapsis.

The operationsplan called for NAV to process radio trackingdata
prior to the beginning of the drag pass and to provide predictions
of the osculating elements at the next periapsis. These predictions
were called the preliminaryorbit. The ACCEL team, after receiving
data about 2 h after periapsis, used the preliminary orbit to process
the accelerometer data to determine periapsis density, maximum
density, and scale height in the vicinity of periapsis. In addition,
an effective scale height for NAV was calculated to account for the
differences between the ACCEL and NAV models of aerodynamic
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forces. These results were transmitted via E-mail and � le servers to
� ight operations in a report called the “Accelerometer Preliminary
Quick-Look” and was due 2 h after accelerometer data receipt. By
the time this report was published, suf� cient postaerobrakingradio
trackingdata had accumulatedso that an intermediateorbit couldbe
determined by NAV using the updated estimate of scale height and
trackingdatabeforeandafter the pass.Accelerometerdatawere then
reprocessed using the intermediate orbit ephemeris to produce the
“AccelerometerIntermediateQuick-Look”report.In additionto up-
dates of the data included in the preliminary quick-look report, this
report also included 1) inbound and outbound conditions at a ref-
erence altitude (typically 130 km) for assessment of north–south
gradients of temperature and density, 2) estimates of atmospheric
disturbancelevels based on density variationsover the previous � ve
orbits, 3) predictionsof densities and dynamic pressure for the next
seven orbits, and 4) narrative interpretation of results. Although
a � nal iteration was included in the pre-MOI plans, it was rarely
required because the intermediate orbit estimates from NAV were
always suf� ciently accuratefor predictionof the time and altitudeof
periapsis. In most cases the preliminary orbit estimate would have
been adequate.

To derive the results for the reports, numerous empirical repre-
sentations were developed pre-MOI. It should be recalled that this
is a polar orbit and that over a typical aerobraking pass the S/C
is in the detectable atmosphere less than 400 s. During this time,
the latitude varies by about 30 deg. The S/C travels about 12 deg
(750 km) in latitude while within one density scale height (7 km) of
periapsis. Thus, the latitudinal variations cannot be ignored in the
MGS pro� les, and hydrostatic equilibrium may not be applicable
across an entire pass. The models most utilized during operations
included 1) the constant density scale height model usually applied
to a limited altituderange in the vicinityof periapsisor to a reference
altitude on the inbound and outbound legs and 2) the model with
density and/or temperature at a reference altitude varying linearly
with latitude. The latter model included diffusive separation so that
mean molecular weight varied with altitude. Special models were
also developed and used to directly extract exospheric temperature
but were not essential for operations. On a nearly daily basis, the
ACCEL team presented reduced data products and interpretation
to the Atmospheric Advisory Group (AAG). The AAG, composed
of atmospheric scientists and MGS investigators, formed consen-
sus opinions on operational issues related to the atmosphere and
reported these formally to the project.

Results
During the 175 aerobrakingpasses of phase 1, there was no typi-

cal pass in the sense of repeatability.This lack of repeatabilitywas
due to a number of phenomena. After a suf� cient amount of data
were collected, it was found that the natural variabilityof the atmo-
sphere includes local and short timescale density waves, standing
waves � xed to the rotating planet with time-dependent amplitudes,
and strong time-dependentlatitudinalgradientsof both temperature
and density.12 The runningatmosphericvariabilityindex,which was
the deviationfrom the � ve-orbitmean densityat a referencealtitude,
varied from 11 to 239%. Further, the SAM behavior, which intro-
duced oscillatory and other rapid variations in the accelerometer
data varied from orbit to orbit. Finally, there are very rapid changes
in accelerometer output that have yet to be explained.

The resultspresentednext are for periapsis110 (P110). This orbit
was selected to provide variations somewhat similar to the classi-
cal bell curve and to demonstrate some of the local variations just
described. Some more interesting passes will be presented later.

Aerobraking at P110
As already mentioned, the S/C z axis is expected to deviate sub-

stantially from the freestream direction. Figure 5 shows the orien-
tation of the calculated relative wind in terms of u x and u y . At the
beginning of the aerobraking pass, but prior to entering the atmo-
sphere, the S/C is placed in an attitude that aligns the z axis with
the predicted velocity vector at periapsis.The x axis is aligned with
the vertical at periapsis. This leads to the initial relative wind being
about 6 deg from aerodynamic equilibrium. The ACS is switched

Fig. 5 Relative wind orientation during P110; times are seconds from
periapsis.

Fig. 6 Body angular rates during P110; rates displaced for clarity.

from momentum wheel to thruster control, and the attitude error
band is opened to 20 deg to minimize fuel usage. The momen-
tum wheels, held at constant velocity, provide an onboard angular
momentum source and couple aerodynamic moments into all three
axes.BecausetheS/C is essentiallyneutrallystableaboutz, this cou-
pling often leads to a few z-axis thruster � rings prior to periapsis
but generally no x – y � rings. The momentum wheels are desatu-
rated beginning at the predicted time of periapsis to take advantage
of aerodynamic torques. A few z-axis thruster � rings and an oc-
casional x – y � ring is associated with desaturation. By examining
Fig. 5, it is seen that in the vicinity of periapsis the S/C oscillates
about a null point, which is not at (0, 0). Contribution to this null
offset include SAM de� ection, which would produce a positive u y ,
the asymmetry caused by the high-gainantenna (Cux ), atmospheric
winds not adequately modeled by the rigidly rotating atmosphere
model, and perhaps differences in momentum accommodation co-
ef� cient between the dissimilar solar arrays.5;7

Angular rates during the pass, which along with their derivatives
are used to correct the accelerometer data, are shown in Fig. 6.
Thruster � ring is clearly evident in !z near ¡15, 10, 50, and 80 s
and in !x and !y near 180 s. As expected, the frequency of the S/C
attitude oscillations due to aerodynamic torques increase with dy-
namicpressure.Oscillationsaboutx have the shortestperiod(»40 s)
because this is the most aerodynamicallystable axis.5 Near times of
¡120, ¡50, and 0 s, 0.16-Hz oscillations are added to the overall
motion due to SAM vibration. Essentially none of this oscillation
appears in the other two axes, con� rming that the SAM vibrates
about an axis parallel to x . Because this oscillation is at a much
higher frequencythan the aerodynamicoscillations,the inducedac-
celerationat the accelerometeris oftengreater than the aerodynamic
oscillationcontributionand occasionallynearlyas large as the direct
aerodynamic acceleration.Figure 7 shows the angular acceleration
about the x axis and the accelerometer contributiondue to angular
motion, i.e., the � fth and sixth terms in Eq. (2). The 0.16-Hz signal
is clearly evident in the angular acceleration term and can be seen
to contribute more than 1 count peak to peak to the accelerometer
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Fig. 7 Body angular acceleration and accelerometer angular correc-
tion for P110.

Fig. 8 Comparison of SAM de� ection calculated from aerodynamic
forces and measured by sun sensor during P110.

data. Even after these terms are subtracted from the measurement,
considerable0.16-Hz signal is left in the accelerometer data due to
the last term in Eq. (2), i.e., the acceleration due to SAM relative
translation. It should be mentioned that a linear dynamics model
was developed for the relative SAM–bus motion that removes this
residual oscillationand may be utilized in phase 2 of aerobraking.9

As alreadymentioned,during the calculationof density, the SAM
de� ection is determinediteratively.In addition,the S/C teamutilizes
the sun sensorson the SAM (Fig. 2) to measureSAM de� ection.The
sun-sensordata are sampled every 8 s. Figure 8 gives a comparison
to the measured values and those calculatedusing the aerodynamic
database.For thisparticularorbit, the measuredvalueshave a biasof
about1 degbeforeandafter thepass.This offsethasbeen interpreted
as being due to thermal bending of the SAM from solar heating.
Even so, the comparison is within 1 deg, which is typical for all
orbits where sun-sensor data were available, and is adequate for
interpolation into the Cz database.

Raw accelerometer counts per second are shown in Fig. 9. The
bias is 56.655§ 0.004 counts/s and the 6-s oscillations are evident
at the times mentioned earlier. After correcting these data using
Eq. (2), the iteration scheme converges on the axial force coef� -
cient used to derive the density. This variation is shown in the insert
in Fig. 9. When the S/C is more than 150 s from periapsis the � ow
is free molecular. The values here are less than the free-molecular
limit shown in Fig. 3 because, as seen in Fig. 5, the relative wind is
not along the z axis. Transitional effects can be seen in the vicinity
of periapsis. Here the � ow is nearly along the z axis, and the axial
force coef� cient has been reduced to 1.88 or 12% below the free-
molecular value of 2.13. Three realizations of density are shown in
Fig. 10. The basic realization corresponds to correcting for all of
the terms in Eq. (2) except for direct SAM contribution.The second
curve is obtained by a 6-s running mean of the basic realization.
The purpose here is to remove any remaining SAM contribution

Fig. 9 Raw accelerometer counts and calculated axial aerodynamic
force coef� cient, P110.

Fig. 10 Raw and smoothed derived density for P110.

Fig. 11 Derived density vs altitude for P110.

by just averaging over the vibration period. The upper curve is a
40-s runningmean of the second curve.This process removes local-
ized latitudinal and vertical variations in density and any remaining
S/C contributions. Some of these will be discussed later. The 40-
s averaged data are used to predict density at periapsis, latitudinal
temperatureand density gradients,exospheric temperatures,and in-
bound and outbound differences.The differencebetween the 6- and
40-s running means might be interpreted as atmospheric waves or
unmodeled S/C effects.

The altitudinal pro� le for P110 is shown in Fig. 11. At the top
of the atmosphere, on this particular pass, both inbound and out-
boundpro� les have about the same slope suggestingthat exospheric
temperature is nearly equal at 62± N and 32± N. In the vicinity of
periapsis, there is little difference between the density or tempera-
ture of the inbound and outbound legs. Between 130- and 150-km
altitude, the inbound leg, which is north of periapsis, appears to
have a much lower temperature than the outbound leg. At 140 km,
the local density scale heights are 4.2 km inbound and 6.6 km out-
bound.Interpretingthe inboundscale heightin terms of atmospheric
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Fig. 12 Other accelerometer phenomena.

temperature in the traditional manner yields 75 K. This is much
colder than expected and suggests that a signi� cant part of the den-
sity decrease in the 130–150 altitude range may be due to a strong
latitudinal density gradient or atmospheric wave.

Aerobraking at Some Other Orbits
There are a number of interestingphenomena that have occurred

during this � rst explorationof the thermosphereof Mars using aero-
braking. Some of these phenomena are still being investigated.Ex-
amples of these are shown in Fig. 12 and are discussed next. Within
15%,1 count/s is equivalentto an atmosphericdensityof 0.7kg/km3.

Excessive SAM Oscillations
As mentionedearlier, the accelerationinducedby SAM vibration

was noticeable on numerous orbits, and various methods were de-
veloped to remove the oscillationso that the remaining signal repre-
sentedatmosphericforces.The upperleft (Fig. 12) shows the raw ac-
celerometercountsforP095,which is oneof the more extremecases.
For this orbit, the oscillatory contribution is nearly as large as the
aerodynamic acceleration. Most aerobraking passes demonstrated
some degree of SAM oscillation believed, as already mentioned, to
be excitedby portionsof the SAM crack slipping.Excessiveoscilla-
tion like those shown were infrequent and might be due to slippage
of a large portion of the crack after considerable stress buildup.

Other Oscillatory Variations
On numerous orbits there are oscillations in the data that nearly

repeatduring the orbitand fromorbit to orbit.An example is givenin
the upper right (Fig. 12), which shows � ltered accelerometercounts
for P056. These data were � ltered to remove the 6-s oscillation.
Note that for many of the remainingoscillationson the inbound leg,
there is an oscillation on the outbound leg near the same count or
dynamicpressurelevel.Thesedatawere further� ltered to leaveonly
these oscillations. If harmonic motion is assumed, the remaining
signal can be convertedinto equivalentcenter-of-massdisplacement
of about §0.3 cm. This much motion of the bus center of mass
would take about2 deg of rotationof the SAM. Though not a closed
issue, these variationsmay be explained by the fracture in the yoke
slipping and locking as discussed earlier. The count levels at which
these oscillationsoccur are somewhat repeatablefrom orbit to orbit,
again suggesting that the source could be S/C dynamics instead of
atmospheric phenomena.

Nearly Instantaneous Changes in Acceleration
The two lower plots in Fig. 12 show two of a number of orbits

where large changesin accelerometercountsoccurredin a very brief
period. These plots (Fig. 12) show the raw accelerometerdata after
the SAM oscillation has been removed by performing a running
average over 67 of the 0.1-s samples. Before averaging, the 0.1-s
datashow that the sudden40%increaseon P041and the sudden60%
decrease on P114 take place in less than 3 s. During this time the
S/C has moved less than 15 km along the orbit and 1 km in altitude.
Sun-sensormeasurementsofSAM de� ectionsupportthe suggestion
that this is due to a change in dynamic pressure and not changes in

Fig. 13 Examples of latitudinal gradients of temperature and density.

S/C projected area. Yet, short of shock waves, gradients of this
magnitude are dif� cult to explain in terms of expected atmospheric
wave activity.

There are numerous orbits with such dramatic changes and other
orbits where there are suggestions that the major change has taken
place in a few smaller steps. Sometimes such a change takes place
in conjunction with the z-thruster � ring. Large transients are often
associatedwith changesin angularaccelerationabout the x axis that
is not consistentwith just a change in dynamic pressure. Unless an
acceptable atmospheric phenomenon is identi� ed, the explanation
must lie with a major change in the gas–surface interaction phe-
nomena. One suggestion is that nearly spontaneous transition oc-
curs between specular interactionand the complete accommodation
currently used in the model. Mechanisms for changes in accommo-
dation may include phase changes at the surface due to low S/C
surface temperatures.

Atmospheric properties have also shown a great deal of variabil-
ity. As mentioned, care must be exercised in interpreting results in
terms of either altitudinal or latitudinal variations. To help resolve
these issues, a � rst-order model was developed that assumes the
atmosphere is isothermal vertically but with a linear temperature
and density variation with latitude at a base or reference altitude.
Estimating the mean density and temperature and the two gradi-
ents results in high correlation between the gradient estimates. The
solution was, thus, constrained to provide the minimum gradients
consistentwith the data. Near phase 1 aerobrakingaltitudes,density
and temperaturewere expectedto increasetoward the equatordue to
solarheating.A typicalorbit showingthisbehavioris givenin Fig. 13
for P074. The lower part of the density vs altitude curve is inbound,
and at 150 km altitude the latitudeis 52± N. The outboundlatitudeat
this altitude is 31± N. The dots represent the data, and the line is the
model with a density gradientof ¡4.3% of the mean density per de-
greeof latitudeanda temperaturegradientof¡1 K/deg.As expected
both density and temperature decrease toward the pole. Though a
relatively strong density gradient, larger gradients were found on
numerous orbits. The lower part of Fig. 13 shows the unexpected
situation where the density decreased toward the equator at lower
altitudes. At 140 km, the lower density corresponds to the inbound
leg at 45± N and the higher density to the outboundleg at 28± N. The
density scale height inbound is also lower than outbound over most
of the pass, suggesting that temperature also increases toward the
equator. However, below 130 km, the density increases toward the
pole.Themodel � t to thesedatayieldsadensitygradientof 4.6%/deg
and a temperature gradient of ¡4.0 K/deg. An atmospheric inter-
pretation might includewaves that produce factor of two changes in
density over spatial scales of 5 km vertically and/or 4± in latitude.

Using Accelerometer Data for Prediction During Operations
The ability to predictdependson having an underlyingmodel. As

seen from the preceding section, the thermosphereof Mars at aero-
brakingaltitudes is highly variable and extensivepost� ight analysis
will be required to interpret the MGS data. For operations,a number
of relativelysimple models were developedand utilized.The model
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Fig. 14 Prediction capability of three models used during operations.

selected for predictionwas generally the one that had been perform-
ing the best over the last few passes.

Persistence is the simplest of all models and was used in the
initial aerobraking orbits. For this prediction method, a constant
density scale height model was � t to the density in the vicinity of
one periapsis and used to predict density at the altitude of the next
periapsis. The top of Fig. 14 shows the ratio of measured density to
predicted density using this approach for all orbits during phase 1.
The few ratios greater than 2 are plotted as asterisks at the upper
edge. The standard deviation for persistence is 0.40 so that the 2¾
variability is larger than the prelaunch estimate of 70%. It became
clear after just a few orbits that the thermospherewas highlyvariable
and that a more accurate predictor was desirable. After the � rst
� ve orbits, a running mean and deviation from the mean were used
for predictions and as an indication of prediction uncertainty. The
deviation from the mean eventuallybecame called the atmospheric
disturbance level and was reported on the intermediate quick-look.
The abilityof the � ve-orbitmean to predictone orbit ahead is shown
in the middle of Fig. 14 and during phase 1 resulted in a 25%
reduction in the standard deviation below persistence. Early in the
mission there were not suf� cient data to determinehow much of the
variability was random and how much was systematic, although as
early as P7 a suggestionof a planetary wave with minimum density
near zero longitude was suggested as a possibility to explain the
variations with longitude for P5, P6, and P7.

The � rst major atmospheric anomaly occurred on P13, when the
latitudinal gradient of density as measured by the ratio of density at
130-km altitudeon the inbound leg to the density at 130-kmaltitude
on the outbound leg dropped from approximatelyunity on previous
orbits to 0.65.Such a largedensitygradientover18± of latitudecould
indicate large pressure gradients and corresponding high cross- or
zonal winds to eventually equilibrate the pressure. On orbit 14, the
ratio continued to decrease to 0.46, but P14 periapsis density was
consistentwith P13 persistence.On P15, thedensitywas 50%higher
than P14 persistence,and maximum dynamic pressure reached0.93
N/m2 or 55% above the nominal aerobraking value, although still
well below the maximum allowable. This orbit resulted in the ter-
mination of aerobraking at high dynamic pressures as discussed
earlier. Though these large latitudinal density gradients appeared
to be a harbinger of a variable atmosphere, large gradients did not
consistentlycorrelatewith variabilitythroughoutthe rest of phase1.

Notice that the ratios for persistence oscillate about unity in the
vicinity of orbit 58. The orbital period here is slightly over 30 h, so
that successive periapses are shifted about 90± in longitude to the
west.Becausethispatternsuggesteda standing,longitudinalwave in
density,a predictioncapabilitywas developedbased on a model that
included a mean density, and the � rst (wave 1) and second (wave 2)
harmonic variationsin longitudeat a referencealtitude.The � ve co-
ef� cientsof this model were determinedusing the most recentorbits
that provideda reasonablecoverageof all longitudes.Generally this
involved about 10–12 orbits. The lower part of Fig. 14 shows the
ratio of measured-to-predicteddensity using this wave model. The
mean of the ratio is less than one because the mean density is nearly
monotone decreasing after orbit 60. This drift was detected before
orbit 100 and was included in subsequent operational predictions.

Over all of phase 1, the standard deviation for the wave model is
slightly greater than the � ve-orbit mean primarily due to very poor
prediction during the dust storm that occurred around orbit 50. If
this period is omitted the standarddeviationbecomes 0.26 and 15%
below the � ve-orbit mean prediction.

The high–low behaviorin persistenceis seen againnearorbit118.
Here the orbital period is about 18 h and successive periapses are
shifted about 90± to the east. In this region, as well as near orbit
50, the � ve-orbit mean shows similar trends to persistence because
an odd number of orbits was selected, but the deviation is smaller.
The two orbits with ratios greater than 2 on the persistence plot
also correspond to the occurrence of the dust storm in the southern
hemisphere. The density more than doubled in about 30 h, which
was consistentwith pre� ight predictions.The scienti� c implications
of these and other phenomena are discussed in detail elsewhere.12

Conclusions
The � rst phase of aerobraking at Mars has at times demanded a

relatively intenseactivity.The pre� ight estimates of 70% 2¾ natural
variability proved to be realistic, and pre� ight predictions that dust
storms could produce rapid and greater than factor of two increases
in density were veri� ed. The accelerometer data provide the only
means of measuring scale height, which is essential for predictions
of subsequent dynamic pressure using any of the three models de-
veloped for operations.Accelerometer measurements have demon-
stratedtheirutilityformissionoperationsandversatilityin providing
data for adaptively adjusting to changing atmospheric conditions.
Nevertheless, there are unexplained phenomena remaining in the
accelerometer data set. Future aerobraking missions may occur at
different seasons, levels of solar activity, LSTs, etc., and may have
to adjust to phenomena substantiallydifferent from the MGS expe-
rience.
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